Matrix metalloproteinases (MMPs) remodel the extracellular matrix (ECM) to facilitate epithelialto-mesenchymal transitions (EMTs) and promote cell specification during embryonic development. In this study, we hypothesized that introducing degradable ECM-based biomaterials to pluripotent stem cell (PSC) aggregates would modulate endogenous proteolytic activity and consequently enhance the differentiation and morphogenesis within 3D PSC aggregates. Gelatin methacrylate (GMA) microparticles (MPs) of low (~20%) or high (~90%) cross-linking densities were incorporated into mouse embryonic stem cell (ESC) aggregates, and the effects on MMP activity and cell differentiation were examined with or without MMP inhibition. ESC aggregates containing GMA MPs expressed significantly higher levels of total MMP and MMP-2 than aggregates without MPs. GMA MP incorporation increased expression of EMT markers and enhanced mesenchymal morphogenesis of PSC aggregates. MMP inhibition completely abrogated these effects, and GMA MP-induced MMP activation within ESC aggregates was partially reduced by pSMAD 1/5/8 inhibition. These results suggest that GMA particles activate MMPs by proteasesubstrate interactions to promote EMT and mesenchymal morphogenesis of ESC aggregates in an MMP-dependent manner. We speculate that controlling protease activity via the introduction of ECM-based materials may offer a novel route to engineer the ECM microenvironment to modulate stem cell differentiation.
Introduction
Pluripotent stem cells (PSCs) hold tremendous promise for regenerative medicine and tissue engineering. PSC aggregates enable complex cell-cell interactions and promote extracellular matrix (ECM) production in a manner that parallels embryogenesis and in vivo tissue development. Thus, 3D aggregates are valuable models for studying the multifaceted milieu required for PSC differentiation. Differentiation of PSC aggregates is strongly influenced by the biochemical composition of the culture medium, however, the 3D geometry of cell spheroids inherently limits the free diffusion and homogeneous presentation of soluble molecules throughout multicellular aggregates [2, 3] . We have previously demonstrated that biomolecule delivery from incorporated microparticles (MPs) results in more homogeneous delivery within aggregates than soluble treatments [2] [3] [4] . In fact, even incorporating "empty" biomaterial MPs within stem cell aggregates affects the relative differentiation trajectories based on cell-material interactions, even without the delivery of exogenous factors [3, 4] . In particular, extracellular matrix (ECM)-based materials have been increasingly used to direct stem cell differentiation, based on their innate ability to provide ECM cues for differentiation and maintenance of differentiated tissues [5] [6] [7] [8] [9] through remodeling by matrix metalloproteinases (MMPs) [10] .
Direct ECM contact with cells has the potential to modulate MMP activity through a substrate-protease specific response. For example, cells cultured on 2-D surfaces coated with ECM molecules, such as decorin, vitronectin, and fibronectin, trigger enhanced amounts of active MMPs that specifically cleave these molecules [11] [12] [13] . Moreover, exposure of cells, particularly stem cells, to MMP-cleavable peptides enhances MMP levels and facilitates differentiation processes. For example, mesenchymal stem cells (MSCs) cultured in an RGD-alginate gel with MMP-cleavable peptides had greater MMP-2 activity than MSCs cultured only in an RGD-alginate gel [14] . Also, increasing the concentration of an MMPcleavable peptide cross-linker in PEG hydrogels enhances MMP-2 activity of cultured MSCs in a proportional manner [15] . Furthermore, when human MSCs were cultured in type I collagen-rich 3D gels, elevated membrane-tethered MMP (MT1-MMP) activity was responsible for hMSC collagenolytic and invasive activity and osteogenic potential [16] . Thus, cell interactions with ECM materials can promote MMP activity, which may facilitate ECM remodeling and cell differentiation.
MMPs modulate many differentiation processes via cleavage of ECM molecules that in turn release sequestered growth factors and expose ECM motifs that stimulate receptor-mediated signaling cascades to promote downstream transcriptional activity [17] . In particular, remodeling of the ECM by matrix metalloproteinases (MMPs) is critical to the epithelial-to mesenchymal transition (EMT) that occurs after primitive streak formation and leads to formation of all 3 germ layers during gastrulation [18, 19] . Specifically, MMPs facilitate epiblast cell ingression through the primitive streak to form mesoderm and definitive endoderm through MMP-mediated breakdown of the basement membrane [20, 21] , which enables epithelial cell delamination and migration, and also release of matrix-bound molecules and exposure of "cryptic sites" in ECM that can induce transcriptional repression of epithelial markers, such as E-cadherin, and stimulation of mesenchymal markers, including N-cadherin, fibronectin, and MMP-2 and -9 [22] [23] [24] [25] [26] [27] [28] .
Differentiation of PSC aggregates recapitulates many of the multicellular morphogenic programs of embryological development, but although the roles of MMPs have been extensively characterized within mammalian and avian embryogenesis [21, 22, 29, 30] , relatively little is known about how MMP-mediated ECM remodeling can regulate differentiation of pluripotent stem cells [31] . Additionally, although cell-contact with substrate-specific materials can trigger enhanced MMP activity, the increased activity depends on 2-D vs. 3-D presentation [32] . We hypothesized that incorporation of enzymatically degradable MPs composed of gelatin within PSC aggregates would increase MMP activity, promote EMT-like processes, and ultimately enhance mesendodermal differentiation. The critical roles of MMPs and extracellular remodeling in early embryogenesis strongly suggest that introducing degradable ECM materials into stem cell 3D microenvironments could offer a novel route to direct PSC differentiation and morphogenesis.
Materials and Methods

Mouse ESC culture
Undifferentiated mouse embryonic stem cells (mESCs) (D3) (passages 23-33) were cultured on 0.1% gelatin-coated tissue-culture dishes in ESC medium composed of DMEM (Mediatech, Herndon, VA) supplemented with 15% FBS (Hyclone, Logan, UT), 1× nonessential amino acids (Mediatech), 2 mM L-glutamine (Mediatech), 100 U/ml penicillin, 100 μg/ml streptomycin, and 0.25 μg/ml amphotericin (Mediatech), 0.1 mM 2mercaptoethanol (Fisher Scientific, Fair Lawn, NJ), and 10 3 U/ml leukemia inhibitory factor (LIF) (Millipore, Billerica, MA). mESCs were routinely passaged with 0.05% trypsin every 2-3 days before reaching 70% confluency.
Microparticle formulations
Gelatin methacrylate (GMA) MPs with 20% and 90% cross-linking densities (~5 μm diameter) were fabricated via a water-in-oil emulsion as previously described [33] . In some cases, GMA MPs were fluorescently labeled by incubation with Alexa-Fluor 594 succidimidyl ester (Invitrogen, Carlsbad, CA) in a 0.1 M sodium bicarbonate buffer, followed by four washes with deionized water before aggregate incorporation. Heparin methacrylate MPs were synthesized as described [34] . Poly (methyl) methacrylate (Polysciences, Warrington, PA) and polystyrene MPs (Spherotech, Lake Forest, IL) of similar sizes (5-10 μm) were purchased. GMA-coated polystyrene MPs were made by incubating polystyrene MPs with a 1% sterile filtered GMA solution for 2 hours at room temperature, followed by three washes in PBS with 1% BSA.
ESC spheroid formation and culture
mESCs were treated with 0.05% trypsin to obtain a single-cell suspension and aggregated within AggreWell™ 400 inserts (Stem Cell Technologies, Vancouver, Canada). Briefly, 1.2 × 10 6 cells in 0.5 mL of medium were inoculated into the microwell inserts and centrifuged at 200 g for 5 minutes to distribute the cells among the ~1200 individual microwells/insert. For MP incorporation, 1.2 × 10 6 cells were homogeneously mixed with 0.4, 1.2, or 3.6 × 10 6 MPs with seeding ratios of 1:3, 1:1, or 3:1 (MPs:cells) immediately before adding them to the microwell inserts. After 18 hours of culture, a wide-bore pipette was used to remove cell aggregates from the microwells and transfer them to a rotary orbital shaker (45 rpm) for suspension culture. Spheroids were collected by sedimentation every 2 days, and 90% of the medium was exchanged with fresh mESC medium (without LIF). The MMP inhibitor, Ro32-3555 (Tocris Biosciences, Bristol, UK), was initially added at 50 μM on day 5 and every other day thereafter with medium exchanges, and the pSMAD inhibitor, LDN-193189 (Stemgent, Cambridge, MA), was first added at 0.2 μM on day 3 and every other day thereafter with each media exchange.
MP incorporation analysis
MP-incorporated spheroids were collected from microwells after 18 hours, and the spheroids were counted with a hemocytometer and then lysed in a solution of 5% SDS and 0.1 NaOH for 2 hours at room temperature. The incorporated MPs in the lysate from a known number of spheroids were counted to calculate the MP incorporation that was expressed as numbers of incorporated MPs per spheroid. Fluorescently-labeled GMA MPs within the spheroid lysate were analyzed on a Synergy H4 plate reader (Biotek, Winooski, VT) (emission 570 nm, excitation 620 nm). The number of microparticles was determined using a standard curve obtained with a known number of microparticles suspended in the lysis solution. Nonflorescent labeled GMA, heparin methacrylate, poly (methyl) methacrylate, and polystyrene MPs in the lysate were directly counted on a hemocytometer.
MMP activity analysis
Overall protease activity was measured with the Sensolyte® 520 Generic MMP Assay Kit (AnaSpec, San Jose, CA) as described [35, 36] . The kit uses a quenched FAM/QXL FRETconjugated universal MMP sensitive peptide sequence. Spheroids were lysed by homogenization on ice in 0.1% Triton-X in the provided assay buffer, followed by centrifugation and collection of the supernatant lysate. Lysates were treated with 1 mM amino-phenyl mercuric acetate (APMA) for 2 hours to activate zymogen MMPs and assayed alongside non-APMA-treated counterparts to quantify total and active levels, respectively. Equal volumes of the spheroid lysate and FRET-conjugated substrate (50 μL) were incubated in a black 96-well plate for 1 hour at room temperature before adding stop solution and reading the plate on a Synergy H4 plate reader at excitation/emission: 490 nm/520 nm. A standard curve was created using a 5-FAM fluorescence reference to convert fluorescence values into the amount of cleaved substrate and calculated values were normalized to total protein content (determined by a BCA assay) and compared to samples that lacked MPs. Nguyen 
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Author Manuscript MMP-2 protease activity was analyzed by zymography. Undifferentiated mESCs (day 0) and aggregates with and without MPs from days 1, 4, 7, 10, and 14 of differentiation were homogenized on ice for 5 seconds with lysis buffer (20 mM Tris-HCl pH 7.5, 5 mM EGTA, 150 mM NaCl, 20 mM glycerol-phosphate, 10 mM NaF, 1 mM sodium orthovanadate, 1% Triton X-100, 0.1% Tween 20). The protein concentration in the supernatant was quantified, and 15 μg of protein was mixed with 5X non-reducing loading buffer (0.05% bromophenol blue, 10% SDS, 1.5 M Tris, 50% glycerol) before loading onto a 10% SDS-polyacrylamide gel containing 5 mg/mL gelatin. The gel was run at 4°C at 115 V, and then the gels were removed and the enzymes were renatured in 2.5% Triton X for 30 minutes and incubated overnight in an assay buffer containing 50 mM Tris-HCl, 10 mM CaCl 2 , 50 mM NaCl, and 0.05% Triton X-100. Gels were then rinsed with deionized water and stained with Coomassie Blue for 1 hour at room temperature. The gels were imaged using Imagequant 4010 (GE Healthcare, Amersham, UK). Band intensities were analyzed by densitometry using ImageJ software (NIH, Bethesda, MD).
Gene expression analysis
Total RNA was extracted from undifferentiated ESC monolayers and spheroid samples at days 7, 10, and 14 of differentiation with the RNeasy Mini kit (Qiagen, Valencia, CA).
Complementary cDNA was obtained via the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) and analyzed using SYBR green technology and real-time PCR (MyIQ cycler, Bio-Rad). Sequences and annealing temperatures for Mixl1, Brachyury-T, E-Cadherin, N-Cadherin, Snai1, Slug, Mesp1, MMP-2, Flk1, Pax6, FoxA2, Nanog, and 18S are provided in supplementary Table 1 . Gene expression levels were normalized to the housekeeping gene 18S and calculated with respect to expression levels of undifferentiated mESCs by the Pfaffl method [37] .
Histology and immunostaining
Spheroids were fixed in 10% formalin, entrapped in Histogel (Thermo Scientific, Rockford, IL), and processed and embedded in paraffin. Paraffin blocks were sectioned to 5 μm thickness (Microm HM 355S) and adhered to Superfrost Plus slides (VWR, West Chester, PA). The sections were deparaffinized, stained with hematoxylin and eosin (H&E), and imaged with a Nikon 80i upright microscope equipped with a SPOT Flex camera ( 
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Principal component analysis of mesenchymal morphogenesis
To extract quantitative network metrics from images, digital networks were created using Cell Profiler. Briefly, H&E histological images were loaded into Cell Profiler [38] , and the cytoplasm-versus-nuclear staining was separated using the spectral separation algorithm. Individual cells were identified via nuclei, and cell bodies were extended to match cytoplasmic boundaries using CellProfiler's "expand" function. Various metrics related to shape (e.g., area, perimeter, eccentricity) were measured using the "measure object size shape" module. Neighboring cells for each cell were counted with "get nearest neighbors" module. Data were exported and processed using custom Python files to create multicellular networks while retaining individual cell shape information.
A machine-learning algorithm was applied to the resulting networks to extract features that could provide classification information about the cell type. The resulting classifiers were trained using information on cell physical shape and morphology and metrics derived from the network analysis, such as the number of neighbors and connection length. Various classifiers from the sklearn package were tested, although ultimately a SVM-based approach was used.
Principal component analysis (PCA) was performed using the sklearn Python package based on the algorithm outlined in Tipping et al. [39] that uses a probabilistic approach coupled with singular value decomposition. Data management and loading heatmaps were generated using custom python code and scores plots were generated using the scatter function from Matplotlib in Python.
Statistical analysis
All values are reported as mean ± standard error, for at least triplicate independent biological samples. Before performing statistical analysis, all non-normal data were Box-Cox transformed to obtain a Gaussian distribution by MATLAB software (Natick, MA). Statistical significance was determined via one-way ANOVA with Tukey's post hoc analysis with 95% confidence intervals after performing Levene's equality of variances test on SYSTAT 12 software (Chicago, IL). P-values < 0.05 were considered to be statistically significant.
Results
MP incorporation increases matrix metalloproteinase levels
The 20% and 90% GMA MP formulations ( Figure 1A) were initially seeded at MP:cell ratios of 1:3, 1:1, and 3:1 and resulted in about 200, 600, and 1200 MPs per spheroid, corresponding to an incorporation ratio of 1:5, 3:5, and 1.2:1 (MPs:cells), respectively ( Figure 1B, Supplemental Figure 1 ). However, after transferring to suspension culture, spheroids with a seeding density higher than 1:3 MPs:cells quickly agglomerated to form large masses. Thus, the 1:3 MPs:cells seeding ratio was used for the remainder of the studies. Both of the MP formulations seeded at a 1:3 MPs:cells ratio persisted within the spheroid for up to 14 days of rotary culture, as illustrated by the continued presence of Alexa-Fluor-labeled MPs (red) in the aggregates ( Figure 1C ). 
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Overall MMP expression in spheroids was assessed in response to MP incorporation ( Figure  2A ). Total MMP levels peaked at day 10, while active MMP levels appeared to remain constant throughout the course of differentiation. On day 4, spheroids with 20% GMA MPs had more total and active MMP than the no-MP spheroids. On day 7, spheroids with both MP formulations exhibited greater total and active MMP levels than the no-MP spheroids. The highest MMP levels were observed in spheroids containing 90% GMA MPs.
Similar to the changes in overall MMP activities, the level of MMP-2 also peaked at day 10 and was higher in the presence of GMA MPs, as demonstrated by zymography and densitometry analyses ( Figure 2B, C) . The pro form of MMP-2 was detected throughout the entire time course analyzed, and the active form was observed on days 7-14. Incorporation of the 20% GMA MPs (20%) led to a significant increase of MMP-2 pro form as early as day 1. By day 7, spheroids with both MP formulations had more pro form than spheroids lacking MPs, and this lasted until day 14. The highest increase (i.e., 3.1-fold more than no-MP spheroids) was observed in 20% GMA aggregates at day 10. Furthermore, those with 90% GMA particles had more of the MMP 2 active form than the no-MP or 20% GMA aggregates at days 7 and 10.
The effects of GMA alone on MMP activity were also examined by plating day 4 spheroids on either tissue culture polystyrene (TCPS) plates or TCPS plates coated with 20% or 90% cross-linked GMA. In all cases, spheroids expressed comparable amounts of MMP-2 pro and active forms of MMP-2 at day 7, regardless of GMA coating ( Figure 2D ). Furthermore, to determine the specificity of the MMP-2 response to GMA materials, MPs of similar size but different chemical compositions to that of GMA MPs (e.g., polystyrene (PS), PS coated with either 20% or 90% GMA, poly (methyl) methacrylate (PMMA), and heparin methacrylate (Hep) MPs) were incorporated at comparable amounts into spheroids when seeded at 1:3 MPs:cells. However, none of the other materials, besides GMA MPs, enhanced MMP-2 levels at day 1 or 7 of differentiation (Supplemental Figure 2) . These results indicated that both 3D presentation and GMA chemistry are essential to increase MMP production and activation in ESC aggregates.
GMA MPs regulate EMT-related gene and protein expression patterns
We next determined if the enhanced MMP activity by GMA MP incorporation affected the expression patterns of EMT-related molecules at day 10 of differentiation based upon the ability of proteases to facilitate EMT processes. Spheroids without MPs primarily expressed E-cadherin at the extracellular membrane, whereas those with MPs exhibited a punctate pattern, suggesting degradation of E-cadherin ( Figure 3A ). More N-cadherin was expressed within the interior of spheroids with GMA MPs than those without ( Figure 3B ). Moreover, fibronectin expression was observed throughout the spheroids ( Figure 3C ) and frequently co-localized with MMP-2 ( Figure 3D ). Particularly large fibrillar regions of fibronectin were seen in 90% GMA MP spheroids ( Figure 3C ). Noticeably, strong expression of MMP-2 was detected in punctate regions about the same size and shape of MPs only within spheroids containing GMA MPs ( Figure 3D, Supplemental Figure 3 ).
genes, mixl1 and brachyury-T was observed in MP aggregates on day 4 ( Figure 4A ), but the expression of EMT and early mesendodermal differentiation markers, including N-cadherin, mesp1, and gata4, was significantly higher in MP spheroids, particular with 90% GMA MPs on day 7. While E-cadherin expression was not differentially affected, the level of Slug, an E-cadherin repressor, was increased in 20% GMA MP spheroids on day 7. In agreement with the changes of MMP-2 at the protein level, MP incorporation also led to an increase in mmp-2 mRNA on day 7 ( Figure 4B ). As expected, nanog (pluripotent marker) expression levels decreased similarly across all spheroid groups as differentiation progressed ( Figure  4C ). However, mesendodermal differentiation appeared to be specifically affected by GMA MP incorporation: expression of foxA2 (endoderm) and flk1 (mesoderm) was increased at day 7 and/or day 10, but there were no differences in pax6 (ectoderm) at any time examined.
MMP inhibition abrogates MP-induced EMT-related gene expression
Based on the appearance of active MMP-2 by day 7, an MMP inhibitor (Ro32-3555) was supplemented to the spheroid cultures starting at day 5 and a concomitant decrease in active MMP-2 in all spheroid groups was observed up to 14 days of differentiation (Supplemental Figure 4 ). MMP inhibition resulted in a three-fold increase in expression of Mixl1 in the 90% GMA MP spheroids, while brachyury-T expression was unaffected ( Figure 5A ).
Furthermore, GMA MP-induced increases in gene expression of EMT markers (N-cadherin and Slug), mmp-2, and early and later mesendodermal markers (mesp1, gata4, foxa2, and flk1) were completely abrogated by MMP inhibitor treatment, and their expression levels were comparable to those in non-MP vehicle control groups (Figure 5B, C) . Although nanog expression was not affected, pax6 expression in 90% GMA MP spheroids was reduced by MMP inhibition (Figure 5C ).
Mesenchymal morphogenesis stimulated by MP incorporation is MMP-dependent
In parallel with differentiation marker expression, we also examined the morphological organization of ESC multicellular aggregates in response to MP incorporation throughout differentiation. By day 7, all spheroids initially exhibited similar homogeneous populations of cells with densely packed, epithelial-like morphologies. Starting at day 10 of differentiation, histological differences were observed between spheroids with or without GMA MPs. GMA MP-containing spheroids began to exhibit more cavitation, representative of internal spheroid remodeling, but the spheroids without MPs retained a tightly packed epithelial-like phenotype (Supplemental Figure 5 ). By day 14, spheroids with MPs, particularly the 90% GMA MPs, were composed of many spindle-shaped, mesenchymal-like cells that occupied large regions of lower cell densities, and stained positively for α-smooth muscle actin (αSMA), a mesenchymal marker ( Figure 6A , Supplemental Figure 5 ).
MMP inhibition resulted in a reduction in the appearance of cavitated structures and mesenchymal-like regions with αSMA+ staining by day 14 (Figure 6A , Supplemental Figure 5 ). The variance in mesenchymal phenotype was described by a PCA model based on cell morphology and cell cluster size and shape, which were separated along the first and second principal components, respectively ( Figure 6B ). 
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Author Manuscript frequencies of mesenchymal-like cell clusters. MMP inhibition yielded an enhanced epithelial-looking cell population in the MP spheroids, with the largest areas and frequency of epithelial-like cell clusters in the 20% GMA MPs spheroids. In the absence of GMA MPs, MMP inhibition did not have a strong effect on the morphology of ESC spheroids ( Figure  6 ).
pSMAD 1/5/8 inhibition reduced MP-induced MMP-2 activity in MP incorporated spheroids
GMA MPs can bind to BMPs [33] that can activate the SMAD 1/5/8 pathway to induce EMT and mesodermal differentiation of ESCs [40, 41] . To explore the possible involvement of SMAD signaling by which MPs regulate cell differentiation and MMP levels in ESC aggregates, we examined the mesenchymal morphology and MMP-2 levels in GMA MP spheroids after inhibiting SMAD 1/5/8 phosphorylation. SMAD 1/5/8 inhibitor (LDH-193189) prevented the appearance of mesenchymal cell phenotypes ( Fig. 7A) and completely reduced the active form of MMP-2 in all of the spheroid groups at days 7 and 10 of differentiation (Fig. 7B ).
Discussion
This study demonstrated that mesenchymal differentiation is enhanced in an MMPdependent manner by incorporating degradable GMA MPs within 3D ESC aggregates. The enhancement of MMP-2 activity stimulated by GMA MPs was specific to the chemical composition and 3D presentation of MPs within ESC aggregates. GMA MP-induced EMT gene expression patterns and mesenchymal morphogenesis was abrogated by MMP inhibition, indicating the dependence on MMP activity for these processes to occur. pSMAD 1/5/8 inhibition also reduced MP-induced MMP-2 activity, suggesting that SMAD signaling mediates MMP-2 activity within ESC spheroids in response to GMA MP incorporation.
GMA MP incorporation enhanced MMP production at the mRNA and protein levels as well as protease activity. Thus, we sought to understand the conditions that elicit this proteolytic response. We found the effect of MP incorporation on MMP expression and activation in ESC aggregate depended on the MP chemical composition since no materials investigated in this study, other than GMA-based MPs, enhanced MMP-2 activity. Unlike studies in which leukocytes exposed to PMMA exhibited enhanced MMP-2 activity [42, 43] , we found that the methacrylate chemistry in GMA did not enhance MMP activity since PMMA MPs did not increase MMP-2 levels within ESC aggregates. GMA-coated PS MPs did not increase MMP activity, likely due to the relatively little amount of GMA protein absorbed on PS MPs, especially compared to similar sized GMA MPs; this suggests that MPs with a minimum content of GMA may be required to induce MMP expression and activation within ESCs aggregates. Moreover, the manner of material presentation may also play a crucial role in inducing a proteolytic response, which may explain why MMP-2 production and activation did not increase when spheroids were plated on the GMA-coated 2D surface as opposite to the MMP responses in GMA incorporated MPs. Additionally, the greater MMP activity observed in spheroids in response to 90% rather than 20% GMA MPs might be attributed to the lower degradability of 90% GMA MPs as a result of the increased crosslinking density of GMA [33] that might require more MMP activity to degrade the MPs -either greater amounts of MMP or longer periods of activation.
Increased MMP activity occurs during embryonic EMT to degrade basement membranes and facilitate epiblast cell ingression through primitive streak [21] . Coincident with increases in MMP, incorporation of GMA MPs resulted in a decline of primitive streak markers, followed by increased expression of EMT markers and mesendodermal markers in combination with the appearance of mesenchymal morphological changes during later stages of differentiation. MMP inhibition completely abrogated MP-induced activation of MMP during the period of primitive streak formation and largely inhibited the appearance of mesenchymal phenotypes within ESC aggregates. These results demonstrated that MPinduced MMP activation modulated the kinetics of differentiation in GMA MP aggregates. Future studies to further interrogate the mechanism of action of the GMA MPs on ESC differentiation could include addition of specific MMP isoforms to the culture media or engineering of the cells to silence or overexpress different MMPs. Additionally, MMPs mediate ECM remodeling and release of ECM-bound growth factors that are essential for embryogenesis and tissue morphogenesis, thus material-based induction of proteolytic activity may offer an innovative method to selectively modulate stem cell microenvironments and differentiation to generate desired cell types and tissue structures.
Alteration of cellular matrix recognition and adhesion that is required to increase cellular motility and invasion during EMT is partially achieved through changes in the expression of cadherin molecules [44] . MMP-mediated degradation of E-cadherin may be important in MP-induced EMT and mesenchymal differentiation. In particular, in mouse and human ESCs, MMP-2 cleaves laminin-111, a major component of the basement membrane to regulate the expression of E-cadherin and EMT-related processes [27] . Similarly, GMA MP incorporation led to the punctate expression of E-cadherin, suggesting E-cadherin internalization from the plasma membrane and degradation [45] . Furthermore, the increase of the E-cadherin repressor, slug, might facilitate E-cadherin internalization [41, 46] .
Accompanied by the loss of E-cadherin, the gain of N-cadherin is associated with EMT processes in differentiated ESCs [47] . Similarly, incorporation of GMA MPs led to a significant increase in N-cadherin gene expression with more abundant distribution of Ncadherin protein throughout aggregates. Concomitant with the switch from E-cadherin to Ncadherin expression, assembly of a fibronectin matrix is another well-documented hallmark of EMT [31, 48] that is essential for mesoderm development in mouse embryo [49] . The accumulation of a fibrillar fibronectin matrix that co-localized with MMP-2 was more pronounced within ESC aggregates containing GMA MPs than those without and could contribute to the enhancement of mesendoderm differentiation. MMP-2 activity can expose cryptic binding sites in fibronectin to assist the self-assembly into a fibrillar matrix that promotes EMT and mesoderm development [25, 26] . The high affinity for fibronectin [50] and MMP-2 for gelatin might explain the observed co-localization of MMP-2 and fibronectin within aggregates containing GMA MPs.
SMAD signaling stimulated by transforming growth factor beta (TGF-β) super family members promotes EMT and mesodermal commitment [23] . Similar to previous studies demonstrating the ability of gelatin MPs to bind growth factors including TGFβs and bone morphogenic proteins (BMPs) [51, 52] , BMPs have a strong affinity to GMA MPs [33] . Thus, GMA MPs could locally sequester growth factors within ESC aggregates and enhance MMP activation and subsequent mesenchymal commitment. In this study, inhibition of pSMAD 1/5/8 significantly reduced the appearance of mesenchymal cells as well as the increase of MMP-2 activity induced by GAM MPs, which might indicate that activation of SMAD signaling by GMA MPs might also contribute to the promotion of mesenchymal differentiation and activation of MMP.
Conclusion
This study demonstrates that morphogenic processes and cell differentiation can be promoted by incorporating degradable ECM-based MPs within ESC aggregates. Specifically, GMA MPs promoted EMT and mesenchymal commitment of ESC aggregates by increasing MMP expression and activity. Overall, these results suggest that controlling protease activity via the introduction of ECM-based materials may offer a novel route to engineer the stem cell microenvironment to modulate differentiation. 
